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LABORATORY INVESTIGATION
The cyclic AMP system in the inner medullary collecting duct
of the potassium-depleted rat
JIN K. KIM, SANDRA N. SUMMER, and TOMAS BERL
Department of Medicine, University of Colorado Health Sciences Center, Denver, Colorado
The cyclic AMP system in the inner medullary collecting duct of the
potassium-depleted rat. The present study was undertaken to investigate
the cyclic AMP system in the isolated inner medullary collecting tubule
(IMCT) of hypokalemic (HK) rats. In situ incubation of IMCT with
l0 si arginine vasopressin (AVP) at 300 mOsmlkg H20 in control
normokalemic rats increased cyclic AMP content (fmoles/mm) from
5.68 1.41 to 30.3 5.31 (P <0.001). In HK rats the increase in cyclic
AMP was blunted from 7.18 2.0 to 14.78 3.14 fmoles/mm (P < 0.05
compared to controls). No such blunting was observed in the outer
medullary collecting duct of hypokalemic rats, but was seen in the
IMCT when studied at 800 (P < 0.05), 1200 (P < 0.01), and 2000
mOsm/kg H20 (P < 0.05). The increase in cyclic AMP was also blunted
in IMCT of HK rats not allowed to become polyuric or polydipsic by
pair-watering studied at 300, 800, and 1200 mOsm/kg H20. To define the
process responsible for the failure to normally increase cyclic AMP in
HK, adenylate cyclase activity (AC) was determined at 800 mOsm/kg
H20, While basal AC was not different, the response to all concentra-
tions of AVP between 10- 10 and 10-6 M was markedly depressed in
tubules from HK rats. In contrast AC response to 102 M NaF was not
different in IMCT of normokalemic and HK rats. While the abnormal
cyclic AMP content with AVP could be explained by abnormal gener-
ation, a contribution of increased metabolism was also sought. Cyclic
AMP phosphodiesterase activity was not significantly different between
the two groups (14.54 1.02 in normokalemic vs. 17.2 1.01
fmoles/min/mm in HK). The results demonstrate that the IMCT is a site
of deranged cyclic AMP metabolism in HK as its accumulation in
response to AVP is impaired. This is due to a specific impairment
in AVP-stimulated AC. Such an effect of HK could be the cellu-
lar mediator of the urinary concentrating defect seen in potassium
depletion.
Le système de l'AMP cyclique dans le canal collecteur médullaire
interne du rat déplété en potassium. Cette étude a été entreprise pour
explorer le système l'AMP cyclique dans le tubule collecteur médullaire
interne isolé (IMCT) de rats hypokaliémiques (HK). L'incubation in
situ d'IMCT avec i0" M d'arginine vasopressine (AVP) a 300
mOsm/kg H20 chez des rats contrôles normokaliemiques a augmente le
contenu en I'AMP cyclique (frnoles/mm) de 5,68 1,41 a 30,3 5,31
(P < 0,001). Chez les rats HK, l'augmentation de I'AMP cyclique était
atténuée, de 7,18 2,0 a 14,78 3,14 fmoles/mm (P <0,05 par rapport
aux controles). On n'observait pas une telle attenuation dans le canal
collecteur mCdullaire externe de rats hypokaliemiques, mais on
l'observait dans l'IMCT ètudié a 800 (P < 0,05), 1200 (P <0,01), et 2000
mOsm/kg H2O (P < 0,05). L'augmentation de I'AMP cyclique, était
Cgalement limitée dans l'IMCT de rats HK qu'on ne laissait pas devenir
polyuriques ou polydipsiques en leur donnant les mémes quantitCs
d'eau, a 300, 800, et 1200 mOsm/kg H20. Afin de définir le processus
responsable de l'incapacité a élever normalement lAMP cyclique chez
HK, l'activité adénylate cyclase (AC) a eté dCterminée a 800 mOsm/kg
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H20. Alors qu' AC de base n'était pas diffdrente, Ia reponse a toutes les
concentrations d'AVP entre 10_b et 10_6 M était trés déprimée dans les
tubules de rats HK. En revanche, la reponse AC a 10-2 M de NaF ne
différait pas dans l'IMCT de rats normokaliCmiques ou HK. Bien que le
contenu anormal en l'AMP cyclique aprés AVP puisse s'expliquer par
une génération anormale, on a aussi recherché Ia participation dun
métabolisme accru. L'activité l'AMP cyclique phosphodiestérase ne
différait pas significativement entre les deux groupes (14,54 1,02 chez
les normokaliemiques contre 17,2 1,01 fmoles/min/mm chez les HK).
Ces résultats démontrent que l'IMCT est un lieu oü Ic métabolisme du
l'AMP cyclique est altéré puisque son accumulation en réponse a 1'AVP
est anormale. Cela est du a une alteration specifique de l'AC stimulée
par I'AVP. Cet effet de l'HK pourrait étre Ic médiateur cellulaire du
défaut de concentration des urines observe au cours des depletions
potassiques.
The association of hypokalemia with polyuria, polydipsia,
and a renal concentrating defect has been well described both in
humans [1] and experimental animals [2, 3]. Studies in our
laboratory have established that whereas potassium depletion
causes an increase in water intake that can in great measure
account for the polyuria, the renal concentrating defect that
ensues is independent of this polydipsia [4]. The nature of this
concentrating defect has also been subject of considerable
investigation. On the one hand, evidence supports the view that
a defect in the countercurrent multiplier leads to abnormal
concentration of solutes in the renal medulla of the potassium-
depleted animal [5, 6]. Although direct measurements of tissue
tonicity tend to substantiate this view [2], other experimental
evidence strongly suggests that other mechanisms may also be
involved. An abnormality in the water permeability of the
collecting duct seems to be confirmed by the observation that
the hydroosmotic response to vasopressin in the amphibian
urinary bladder is blunted in potassium-free medium [7] and by
direct in vitro measurements of decreased diffusional water
permeability in the rat papilla [8]. The attractive possibility that
increased prostaglandins could be the mediators of the impaired
permeabilty is not compatible with recent observations in either
the rat [9], the dog [10], or humans [11] inasmuch as
prostaglandin inhibition does not correct the, defect. The pos-
sibility that the mechanism involves a derangement in the cyclic
AMP (cAMP) system, the mediator of the hydroosmotic re-
sponse to vasopressin [12], has also been suggested. Measure-
ments of cAMP in the renal tissue of the potassium-depleted
rat, however, have yielded somewhat conflicting results. Thus,
tissue cAMP content has reported to be increased in one [13]
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but decreasd in two other studies [8, 14]. Some of these
discrepancies may be due to the fact that most of these studies
investigate medullary slices [13, 14] while another studied the
papilla [8]. In addition, the above studies were performed in
tissue samples taken from whole medulla or papilla. It is now
well established that vasopressin has more than one site of
action in these tissues [15, 16], and the discrepancies may well
be due to the heterogenous nature of the examined tissue.
Recently, the effect of potassium depletion on the vasopressin-
sensitive cAMP system was studied in microdissected outer
medullary collecting tubule and medullary ascending limbs [17].
The results of this study suggested that vasopressin sensitive
cAMP formation is not impaired in the outer medullary collect-
ing duct. The resistance to the hormone could thus be due to a
derangement at a step subsequent to cAMP generation or
alternatively at a location other than the medullary collecting
duct such as the papillary collecting duct. The present study
was therefore designed to study the effects of potassium deple-
tion on the cAMP system in microdissected inner medullary
collecting tubules (IMCT)' of the rat.
Methods
Studies were performed on male Sprague-Dawley rats weigh-
ing between 150 and 200 g. The animals were rendered
hypokalemic with a potassium-deficient diet containing 5
mEq/kg food commerically obtained from ICN Nutritional
Biochemical Division, Cleveland, Ohio, and supplemented with
magnesium chloride. The diet consumed by control animals was
prepared by adding a combination of potassium salts to the
above diet so as to reach the potassium concentration of regular
rat chow (232 mEq/kg). Animals were kept on the diet for 14
days before being studied.
Effect of dietary potassium restriction on maximal urinary
concentration, serum potassium, and tissue solute content
Although deranged water metabolism in potassium-depleted
rats has been described in our previous studies [4], we again
determined maximal urinary concentration in the presence of
vasopressin in six normokalemic and six pair-watered hypoka-
lemic rats. Specifically, following 14 days on this diet, rats were
placed in a metabolic cage, water was withdrawn for 24 hr, and
the urine was collected over the subsequent 4 hr. To ensure
maximal levels of circulating vasopressin during the concentrat-
ing test, the rats were given a 500 mU injection s.c. of
antidiuretic hormone in oil on the day of dehydration; injections
were repeated the next morning when the final urine samples
were being obtained.
Following the concentrating test, the animals were anesthe-
tized with phenobarbital (6 mg/l00 g of body wt). Blood samples
to obtain serum potassium were taken by aortic puncture. The
kidneys were removed rapidly and placed in an ice bath for
determination of tissue solute using a modification of the
method of Appelbloom et al [18] as previously described from
our laboratory [19]. Briefly, the kidneys were cut along their
longitudinal axis using a razor blade and scalpel. Sections of the
cortex, outer medulla, base and tip of the papilla were dissected
The terms inner medulla and papilla are used interchangeably.
free, frozen in liquid nitrogen, and immediately weighed. Tissue
samples from one kidney were then homogenized for determi-
nation of sodium potassium and urea nitrogen content, while
tissue samples of the contralateral kidney were dried to con-
stant weight (72 hr) for determination of tissue water content.
Sodium and potassium were determined by atomic absorption
spectrophotometer (Perkins Elmer, Norwalk, Connecticut)
while urea nitrogen was measured by an autoanalyzer
(Technicon Instruments Corp., Tarrytown, New York). The
tissue osmolality was measured from the sodium, potassium,
and urea contents.
Microdissection of inner and outer medullary
collecting tubules
Rats were lightly anesthetized with pentobarbital (3 mg/l00 g
of body wt). The left kidney was perfused with 10 ml of
collagenase medium [137 mM NaCl, 5 mM KC1, 0.8 mi MgSO4,
0.33 m Na2HPO4, 1 m MgC12, 0.25 mM CaC12, 10 mM
glucose, 10 mri Tris, pH 7.4, 20 U/mI collagenase (Millipore
Corp., Freehold, New Jersey), 1 mg/ml hyaluronidase (Sigma
Chemical Co., St. Louis, Missouri), and 1 mg/mI bovine serum
albumin with 20 U/ml heparin] at an infusion rate of 1 mllmin.
The medullary tissue samples were dissected and sliced to thin
strips with direction from cortex to papillary tip. Then the
pieces were incubated in an aerated collagenase medium for 60
mm at 35°C. After incubation the tissue samples were washed
with cold microdissection medium (same as the collagenase
medium except 1 m CaC12 and no collagenase, hyaluronidase,
and bovine serum albumin) and kept in ice while micro-
dissection was performed. Inner and outer medullary collecting
tubule samples were dissected under a stereomicroscope using
thin needles. Dissected tubules were transferred to a concave
bacteriological slide by aspiration in a small droplet of micro-
dissection medium. The tubules were then photographed to
measure the lengths [1.5 to 2 mm for adenylate cyclase (AC)
and cAMP phosphodiesterase, 3 to 4 mm for cAMP per
sample]. The microdissected tubules were studied in the follow-
ing ways:
Determination of in situ cAMP. The microdissection medium
was aspirated off and 2.5 1 of modified Krebs-Ringer buffer
(140 mM NaCI, 5 m KC1, 1.2 mM MgSO4, 10 mM glucose, 0.8
mM CaCl, 10 m sodium acetate, 2 m NaH2PO4, and 20 mM
Tris-HCI, pH 7.4) without (basal) or with 1 x iO M arginine
vasopressin (AVP). The samples were covered with vaseline-
coated concave slides and were incubated at 30°C for 20 mm.
The incubation was stopped by freezing on dry ice, then the
frozen samples were transferred to 12 x 75 glass tubes. A
buffer of 100 d of 50 m sodium acetate, pH 6.2, were added
and boiled for 3 mm. The samples were stored at —20°C until
assayed.
Since a previous study failed to show a defect in cAMP
generation in the outer medullary collecting duct of
hypokalemic rats [17], we studied the generation of the nude-
otide in inner and outer medullary collecting duct segments
derived from the same animal (seven normokalemic and seven
hypokalemic rats). Since media osmolality can itself affect the
generation of cAMP [20], in addition to performing the above
studies at a media concentration of 300 mOsm/kg in five
normokalemic and five hypokalemic rats, cAMP generation in
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the inner medullary collecting duct was studied in the various
other hyperosmotic media. This was accomplished by adding
sodium chloride and urea to the Krebs-Ringer buffer so as to
maintain the 2 to 1 M ratio of urea and sodium choloride. The
following additional osmolalities were studied: (1) 800 mOsm/kg
H20 (197 mM NaC1 and 370 m urea, N = 7), (2) 1200 mOsm/kg
H20 (297 mM NaCl and 580 m urea, N = 8), and (3) 2000
mOsrn/kg H20 (497 ms NaCI and 980 m urea, N = 9).
In another group of 21 normokalemic and 21 hypokalemic
rats the possibility that the obtained results were a consequence
of the polydipsia and polyuria that accompanies potassium
depletion was considered. These animals were thus not only
pair-fed but also pair-watered so as to allow the potassium-
depleted rats only the volume of water drunk by controls. This
essentially abolished the polyuria of potassium depletion [41.
The cAMP generation in the inner medullary collecting duct of
these rats was studied at a media osmolality of 300 (N = 10) as
well as 800 (N = 6) and 1200 (N = 5) mOsm/kg H20, which are
in line with tonicities attained at the papillary tip of potassium-
depleted rats (see below).
Following acetylation of the experimental samples and stand-
ard, cAMP was determined by radioimmunoassay (RIA kit
from New England Nuclear Corp., Boston, Massachusetts). In
all cases microdissection and assay of a hypokalemic and its
normokalemic control were performed simultaneously. The
assays were performed in four replications. The variability of
the replicate samples ranged from 3.1 to 14.7%.
Adenylate cyclase activity. The effect of potassium depletion
on the activity of adenylate cyclase (AC) in the inner medulla
was studied in 11 normokalemic and 11 hypokalemic rats.
Following microdissection of the IMCT described above, the
tubules were subjected to hypoosmotic shock and freezing.
Specifically, after the microdissection fluid was aspirated off,
0.5 l hypoosmotic medium (1 m MgCl2, 0.25 mrt EDTA,
0.1% bovine serum albumin, and 1 mrvi Tris, pH 7.4) was added
under the microscope; the samples were then immediately
frozen by placing them on a block of dry ice. The frozen tubules
were thawed once and refrozen, then kept at —80°C until
assayed. The basal and hormone stimulated activities of AC
were stable at —80°C for at least 5 days.
The activity of AC was measured according to a modification
[171 of the method of Morel, Chabardes, and Imbert-Teboul
[211. Slides with original tubular length of I to 2 mm were
incubated at 37°C for 30 mm in a final volume of 5.5 jd
containing 0.25 mrvi n-32P-ATP (4 to 5 x 106 cpm/sample), 1 mM
cAMP, 3.8 mM MgC12, 0.25 m EDTA, 20 mM creatine
phosphate, I mg/mI creatine phosphokinase, and 100 mrvi Tris,
pH 7.4, with or without the addition of AVP (10- '° to 10-6 M)
or NaF (10- 2 M). The medium osmolality was increased to 800
mOsm/kg H20 by the addition of 112 mr'i NaCI and 225 mM
urea. The reaction mixture was sealed between two vaseline-
coated concave slides and immersed in a water bath. The
reaction was stopped by the addition of cold 150 pA stopping
solution (3.3 mM ATP, 5 mrvi cAMP, 50 mM Tris HCI, pH 7.6,
and 3H-cAMP containing 1 x jo4 cpm/sample to determine
recovery). Produced 32P-cAMP was separated according to the
method of Salomon [22] using Dowex-50-X4 (BioRad, Rich-
mond, California) and aluminum oxide (Woelm Pharma, Ger-
many) columns. Assays on normokalemic and hypokalemic rats
were analyzed together, and four to six samples were analyzed
Table 1. Tissue solute content (mOsm/kg H20) in the kidney of
normokalemic and pair-watered hypokalemic rats
Cortex Outer medulla Inner medulla
Normokalemic
(N = 6) 378 7 614 61 1731 91
Hypokalemic
(N=6) 356± 7 518± 60 1136±83
P value NS NS <0.005
for each point of AC activity. The variation between replication
ranged between 1.3 and 15.6%.
cAMP phosphodiesterase activity. The effect of potassium
depletion on the activity of cAMP phosphodiesterase in the
inner medulla was studied in seven control and seven hypoka-
lemic rats. Following microdissection the fluid was aspirated
off, 0.5 1d hypoosmotic medium (1 mrvi MgCI2, 0.25 mis's EDTA,
0.1% bovine serum albumin, and 1 mis's Tris, pH 7.4) was added
under the microscope; the samples were then immediately
frozen by placing them on a block of dry ice. The frozen tubules
were thawed once and refrozen, then kept at —80°C until
assayed. The activity of phosphodiesterase has been found to
remain stable at — 80°C for at least 5 days. cAMP phosphodi-
esterase was assayed in a two-step reaction [17, 20]. The first
reaction was performed in a buffer containing 10 mM MgSO4,
0.1 mM EDTA, 50 ifiM Tris, pH 8.0, and 1 x 10-6 M 3H-cAMP
(4 x i05 cpm/5 pA, New England Nuclear Corp.) as a substrate.
The reaction was carried out for 20 mm at 37°C and the second
reaction was performed with I mg/mi 5'-nucleotidase [snake
venom (naja naja), Calbiochem-Behring Corp., La Jolla, Cali-
fornia] for 10 mm at 37°C. The produced 3H-adenosine was
separated chromatographically using QAE-Sephadex A-25
(Pharmacia, Piscataway, New Jersey) and counted. All of the
assays were performed in four to six replicate. The assay is
performed in a media whose tonicity is 70 mOsm/kg H20. The
variation between replication was less than 5%.
Protein was determined by modified method of Lowry Ct al
[231 after 0.5 1d of 0.1% SDS was added to the tubules.
Comparison between normokalemic and hypokalemic rats
were performed by the unpaired Student's t test. A P value of
less than 0.05 was considered significant.
Results
The mean serum potassium of six animals placed on the
potassium deficient diet was 2.2 0.12 mEq/liter as compared
to 3.78 0.14 mEq/Iiter (P < 0.001) in the normokalemic
controls. The hypokalemic rats had an impairment in urinary
concentration as maximal urinary osmolality was 1590 141
mOsm/kg H20 as compared to 2503 106 mOsm/kg H20 in the
normokalemic group. The effect of potassium depletion of the
solute content of renal tissue is depicted in Table 1. Neither
cortical nor outer medullary solute content was significantly
altered, and only in the inner medulla was a significant differ-
ence found (P < 0.005).
In vitro studies. The appearance of IMCT of normokalemic
and hypokalemic rats was not different. The protein content of
potassium-depleted (0.093 0.0 12 jig/mm, N = 34) and control
(0.107 0.013 jig/mm, N = 34) IMCT was not significantly
different. Our results are therefore comparable when expressed
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per micrograms of protein or unit of tubular length. The data are
presented relative to tubular length.
In situ cyclic AMP accumulation. The effect of the stimula-
tory concentration of AVP (l0- M) on the accumulation of
cAMP in undisrupted inner medulla was studied (Fig. 1).
Because of the limited number that can be dissected from the
IMCT for simultaneous measurements in both control and
potassium-depleted rats, only one stimulatory concentration of
AVP (l0 M) was tested in this study. In view of the well
recognized importance of medium tonicity on this process [201,
studies were performed at 300, 800, 1200, and 2000 m0sm/kg
H20 maintaining at all times the 1 to 2 M ratio of sodium
chloride and urea observed in vivo. The data in femtomoles of
cAMP per millimeters were generated in the 20-mm incubation.
We found, as did Edwards, Jackson, and Dousa [201, that the
cAMP content of the tissue increases with increasing osmolal-
ity. Such a trend was seen in both normokalemic and
hypokalemic rats. Although results obtained at 800 and 1200
m0sm/kg were not significantly different from each other, a
comparison between the two rat groups reveals that while basal
cAMP content was not different at any medium osmolality,
following stimulation with l0 M AVP, cAMP content is
significantly lower in potassium-depleted rats at all osmolalities
tested. Thus, both the absolute content of cAMP as well as the
increase over basal content were blunted in the IMCT of
potassium-depleted rats.
Because these results in the inner medulla are divergent from
those previously reported in the outer medulla of potassium-
depleted rats 171, we studied the accumulation of cAMP in
response to the outer and inner medullary collecting tubules of
the same rats at 300 m0sm/kg H20 in these two contiguous
nephron segments in seven-normokalemic and seven hypoka-
lemic rats. In these experiments, the cAMP accumulation in the
inner medulla of the hypokalemic rats was decreased by 60%
when compared to the normokalemic control thus agreeing with
the above-described results. In contrast, in the outer medulla of
the same rats the cAMP content following vasopressin was
actually higher by 80.1% than that of normokalemic controls,
pointing to a specific inner medullary defect.
In view of the polyuria and polydipsia that accompanies
potassium depletion, hypokalemic rats have a high water turn-
over. The possibility that the measured changes in cAMP
accumulation could be a consequence of high water turnover
was considered. Therefore, we studied the effect of l0 M
AVP on cAMP content in normokalemic and hypokalemic rats
that were not only pair-fed but also pair-watered in an attempt
to prevent polydipsia and polyuria. In addition to performing
the experiments in isotonic conditions, we also studied tubules
in osmolalities prevailing in the inner medulla of the potassium-
depleted rat (800 and 1200 m0sm/kg 1120). The results of these
studies are depicted in Figure 2. It is apparent that the IMCT of
these pair-watered hypokalemic animals also failed to increase
cAMP content to the same extent as did normokalemic rats at
all studied media osmolalities.
Adenylate cyclase. To assess whether the failure to ac-
cumulate cAMP in the papillary collecting duct of potassium-
depleted rats was due to a defect in the generation of the
nucleotide we measured the activity of AC in these tubules.
Figure 3 depicts vasopressin-responsive AC activity in six
normokalemic control rats and in an equal number of potassium-
depleted rats. These assays were performed at a media osmolal-
ity of 800 m0sm/kg H20, because this approximates better the
prevailing osmolality in the inner medulla of hypokalemic rats
and because this is the osmolality at which the highest AC
responsiveness has been noted [201. Each number represents
the mean of four to six samples taken from each animal. Basal
activities were not significantly different in the two rat groups.
However, at all concentrations between 101Q and 10-6 M the
activity of AC was significantly lower in hypokalemic than
normokalemic rats. To assess the specificity of this effect of
AVP in potassium-depleted animals, AC activity was studied in
response to 10—2 M NaF a nonspecific stimulator of AC. Table
2 summarizes the results in six pairs of rats. It is evident that the
response to NaF was indistinguishable between control and
hypokalemic rats whether compared in aboslute terms or per-
cent increase from basal activity.
Cyclic AMP phosphodiesterase. At a substrate concentration
of 10-6 M cAMP phosphodiesterase activity was not found to
Fig. 1. Effect of medium osmolality in cAMP ac-
cumulation in normokalemic and hypokalemic rats.
No difference was found between these rats as
found in basal conditions, but in response to i0
M AVP hypokalemic rats display abnormal cAMP
accumulation at all osmolalities tested. Symbols
are: U, normokalemic; , hypokalemic; ', P <
0.05; ', P < 0.001.
N=5 N=7 N=8 N=9 N=5 N=7 N=8 N=9
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Fig. 2. Effect of medium osmolality on cAMP accumu-
lation in normokalemic and hypokalemic pair-watered
rats. No difference between these rats is found in ba-
sal conditions, but in response to i0 M AVP
hypokalemic rats display abnormal cAMP accumula-
tion at all osmolalities tested. Symbols are: ti,
normokalemic; , hypokalemic; ', P < 0.05;
P <0.01.
10b0 10 10 8 106
AVP, M
Fig. 3. Effect of potassium depletion on the activity of adenylate cyclase
at 800 mOsmlkg H20. Basal activity was not significantly different, but
at all AVP concentrations a significant (P < 0.05) decrement in AC
activity was noted. Symbols are: • •, normokalemic (N = 6);
A—A, hypokalemic (N = 6); ', P < 0.05.
Table 2. Effect of 10-2 M sodium fluoride (fmoles/30 mm/mm) on
adenylate cyclase activity in papillary collecting ducts of
normokalemic and hypokalemic rats
Basal Sodium fluoride Percent change
Normokalemic(N = 6) 34.47 4.5 1194 104 3526 291
Hypokalemic(N = 6) 34.15 4.1 1394 272 3872 459
P value NS NS NS
Discussion
In the present study we undertook to fully evaluate the cAMP
system in isolated IMCT of potassium-depleted rats. Although
the cAMP content of renal tissue during potassium depletion
and its response to vasopressin have been previously measured
[8, 13, 14], the available results are conflicting because cAMP
levels have been noted to be both increased and decreased. The
cause for these conflicting results is probably twofold: First,
some measurements were performed in whole renal medulla
slices [13, 14], while others used only the inner medulla [8].
Second, measurements were performed in whole tissue
homogenate which include cells from various nephron segments
with different vasopressin responsiveness [161. A more recent
study examined the effects of potassium depletion on isolated
outer medullary collecting duct and the medullary ascending
limb and demonstrated no effects in the medullary ascending
limb and higher cAMP accumulation in the medullary collecting
duct [17]. In the present experiments we also noted an increase
in cAMP accumulation in the latter nephron segment, although
the increase was not as marked as reported in the previous
study. While these results may explain the increase in cAMP
measured by Pawison et al [13] in the medulla, they fail to
support a role for abnormal cAMP metabolism in the well-
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established concentrating defect seen in hypokalemia. On the
other hand, it is possible that the biochemical defect resides at
a step distal to cAMP generation or in a nephron site not
examined in the above studies. In view of our preliminary
studies in whole isolated inner medullary slices [24], we pro-
ceeded to study inner medullary collecting ducts. The animals
we studied were clearly hypokalemic and had a vasopressin-
resistant concentrating defect.
Our initial studies were directed to the measurement of in situ
cAMP formation in response to AVP by intact inner medullary
collecting ducts. The cAMP was measured in the tubules and
incubation media, as the very limited number of cells per
sample (total protein content of only 0.3 to 0.5 g) would not
allow for accurate determination of cellular nucleotide content
alone. Environmental osmolality appears to be an important
determinant of cAMP accumulation [20, 25]. Tissue tonicity has
been described to be decreased in hypokalemia [2], a fact
confirmed in the present study using pair-watered animals.
Since the decrease in tonicity occurs only in the inner medullary
(Table 1), it appears tenable that the decrease in cAMP we
found in whole snap-frozen papilla [24] could be a consequence
of the decrease in environmental tonicity. To determine
whether the effect of potassium depletion on cAMP accumula-
tion depends on environmental osmolality, we examined the
ability of inner medullary collecting ducts of hypokalemic
animals to generate cAMP at incubation tonicities from 300 to
2000 mOsm/kg. These studies were performed at iO M AVP
since we found, in preliminary studies, that this dose of the
hormone provides consistent and reproducible responses in
tissues of normokalemic rats. The accumulation of cAMP was
consistently lower in the tubules of potassium-depleted rats
than in its concomitant studied controls; the decrement in
cAMP accumulation was noted at each of the studied osmolali-
ties, suggesting therefore that the decrease in cAMP content
that we measured in our preliminary studies was not merely a
consequence of the decreased tonicity in the papilla of these
rats. It appears that the derangement in cAMP accumulation in
potassium depletion is independent of environmental tonicity,
although this latter factor could, in vivo, further contribute to
decrease cAMP accumulation.
It has been recognized in both rats with central diabetes
insipidus [26] and mice with nephrogenic diabetes insipidus [27]
that these high water turnover states are associated with
abnormalities of the renal cAMP system. Although polyuria
was not pathogenetically implicated in the abnormal cAMP
metabolism in the collecting duct in either of these studies, the
possibility that in potassium depletion the high water turnover
could cause or contribute to the observed changes was consid-
ered. We therefore measured cAMP accumulation at osmolali-
ties of 300, 800, and 1200 mOsm/kg H20. Our results do not
support the above view because defective cAMP accumulation
was noted at all these osmolalities in pair-watered rats, which
does not differ from that of rats allowed free access to water.
To ascertain whether the decrement in cAMP accumulation is
a consequence of impaired generation of the cyclic nucleotide,
we then determined the activity of AC in inner medullary
collecting ducts. These experiments were performed at a media
osmolality of 800 mOsm/kg H2O which more closely mimics the
tonicity prevailing in the inner medulla and at which enzyme
activity is maximal in the nephron segment [20]. While basal
activity of this enzyme was not different in tubules of nor-
mokalemic controls and experimental hypokalemic rats, at
concentrations of vasopressin between 10—10 and 10 M, the
hormone-mediated increase in activity was clearly blunted in
hypokalemia. The specificity of this defect was examined
by studying the response to NaF. Tubules from potassium-
depleted and control rats had indistinguishable responses to this
stimulation of AC. Although this observation is subject to
various interpretations, the normal response to NaF suggests
that the catalytic unit and more specifically the nucleotide-
dependent coupling subunit of this enzyme is most likely intact.
It is attractive to speculate that in hypokalemia either the
affinity to vasopressin or the number of receptors are altered
culminating in diminished enzyme activity. In this regard future
studies involving receptor binding in this state will be of great
interest.
To assess whether potassium depletion also affects the activ-
ity of the enzyme involved in the breakdown of cAMP, we
determined the activity of cAMP phosphodiesterase. The activ-
ity in IMCT of normokalemic and hypokalemic rats was not
significantly different. Determination of the catalytic capacities
of AC and cAMP phosphodiesterase do not always predict the
in situ formation of cAMP; in fact, disparate results have been
reported [17, 20]. Some of this discrepancy may reflect the
difference between intact and disrupted cells as well as the fact
that in the enzyme assays substrate levels are maintained. In
the conditions of the present study, however, the results of the
cAMP measurements and the enzyme activities are internally
consistent and suggest that abnormal cAMP generation rather
than enhanced breakdown is responsible for the observed
defect. It must also be added that while our studies point to a
defect in cAMP generation in the inner medulla of potassium-
depleted rats, the possibility of an additional defect at a step
subsequent cAMP formation, such as phosphorylation of the
luminal membranes or changes in water permeability in the
luminal membranes, is not eliminated. In fact, such defects can
coexist as has been shown in the collecting duct of uremic
rabbits [28]. Also, in vitro studies in the toad bladder in which
a response to both AVP and cAMP was impaired in potassium-
depleted tissues [7] further suggests that a post-cAMP defect
could be operant in potassium depletion. At 800 mOsm/kg H20,
the activity of adenylate cyclase was lower in hypokalemic rats
at all tested concentrations of vasopressin. While it is possible
that at concentrations greater than 106 M some of the resist-
ance may be overcome, the in vivo significance of such an
observation would be questionable. In general, therefore, the
biochemical defect described herein agrees with the in vivo
resistance noted to the administration of even high doses of
exogenous hormone. Despite this, we cannot be certain of the
pathogenic contribution of the abnormal cAMP metabolism to
the concentrating defect, and it is quite possible that the
abnormal generation of inner medullary solutes also plays at
least a contributory role.
The present results also need to be viewed in the context of
the recently reported effects in the outer medullary collecting
duct, a segment in which cAMP accumulation was actually
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increased in hypokalemic rats both in the present and in a
previous study [17]. While divergent effects of a pathologic
state on two contiguous nephron segments have not been
previously described, divergent physiologic responses to hor-
mone in such contiguous segments have [29, 30]. It is possible
to argue that the enhanced cAMP production in the outer
medullary collecting tubule could cancel out the impaired
generation of the nucleotide noted in the present study. How-
ever, such an effect is not likely to have a physiologic correlate.
Thus, even if the outer medulla has enhanced cAMP production
and the collecting duct becomes fully water permeable, fluid
arriving to the inner medulla can be no more concentrated than
the surrounding interstitium. If, then, the inner medullary
tubules fail to achieve high water permeability, a concentrating
defect would still ensue.
It is attractive to speculate whether the derangement in the
cAMP system in hypokalemia described in this study is respon-
sible for the observed concentrating defect. Although, as shown
by others as well as herein, the generation of inner medullary
hypertonicity is impaired in hypokalemia, considerable evi-
dence exists from clearance studies performed in humans [1]
and dogs [3], as well as from water transport studies in the toad
urinary bladder experiments [7] and rat papilla [8] to support the
view that water permeability of the collecting duct is abnormal
in potassium depletion. cAMP has been recognized as the
mediator of vasopressin's hydroosmotic response, but a direct
quantitative assessment of the cAMP content required for any
level of urinary concentration is not available. Potassium-
depleted animals are incapable of maximal urinary concentra-
tion (about 2500 mOsm/kg H20), but they do maintain some
concentrating ability (to about 1600 mOsm/kg H20) as previ-
ously reported from our laboratory and repeated herein [4]. It is
of interest, therefore, that ability to generate cAMP is not
entirely abolished, but is only impaired in potassium depletion.
In summary, the results of the present study demonstrate that
the inner medullary but not the outer medullary collecting
tubule of the potassium-depleted rat has impaired accumulation
of cAMP in response to vasopressin. This defect occurs at all
osmolalities between 300 and 2000 mOsm/kg H20 and is not
caused by the polyuria and polydipsia that characterizes these
animals. The decrease in cAMP appears to be mediated by a
decrease in the activity of the enzyme AC rather than by
enhanced activity of the cAMP degradative pathway via
phosphodiesterase. This derangement in the cAMP system in
the inner medulla may be a cellular mediator of the abnormal
maximal urinary concentration in potassium depletion.
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